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ABSTRACT
FATIGUE TESTING OF DEFECTIVE WELD SAMPLES
by
Christian A. Harris
University of New Hampshire, December 2019

Steel truss bridge gusset plates have always been difficult to inspect and can potentially hide
damage, which could accumulate and lead to collapse. Recently, bridge design methods have
evolved to address the problems of traditional gusset-plates. These new designs eliminate the
plated connections and instead rely on built-up steel connections that provide a smooth transition
zone between the cords and diagonal members. Consequently, the gusset-less connections rely
heavily on the performance of the welds that hold their elements together.
Given the increased role of welding on these new gusset-less truss connections, the question
of the impact of the welding quality on the overall structural performance of these members had
to be addressed. To investigate the effect of weld quality on the new connections, a laboratory
experiment was conducted. This experiment consisted of comparing the fatigue performance of
perfectly intact and defective weld samples. The samples were cyclically loaded and unloaded
until failure. It was then determined if there was a relationship between how many cycles each
sample endured before failing and the level of defect present on each sample. Ultimately, it an
exponentially decaying relationship was observed to exist between the quality of welds and the
fatigue performance of the samples.

xiii

1. INTRODUCTION
This chapter will summarize the layout of this thesis, outline the objectives and contributions
of the research and, provide background information related to the topics explored. In total this
study contains five chapters which follow the order of the work conducted for the experiment that
was carried out to address the overarching objective. These chapters are laid out as such;
Chapter 1 – In this chapter, the overarching research objectives and goals are presented
along with the contribution of these goals to the engineering community. A case study conducted
on the Memorial Bridge and its relevance to this research is reviewed and additional topics that
must be understood to assess the research are explored in detail.
Chapter 2 – This chapter outlines the design of the weld samples and the laboratory testing
conducted for this thesis. All assumptions, constraints and, theories essential to the design of this
experiment are summarized. Additionally, the equipment and instrumentation devices selected for
this testing are presented.
Chapter 3 – In this chapter, the steps required to implement the fatigue tests performed are
detailed. These steps include establishing a method of categorizing the level of defect on each weld
sample, attaching and calibrating the instrumentation devices for the samples, loading the samples
in the testing machine and tuning the testing machine and, verifying the instrumentation devises
worked properly. This chapter will conclude with a step by step testing procedure outline that was
used for this experiment and may be used in subsequent defective weld fatigue tests.
Chapter 4 – The results of the fatigue tests performed in this research are presented in this
chapter. Additionally, the methods used to analyze the results are detailed and general comments
are made regarding the fatigue tests.
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Chapter 5 – In the final chapter of this thesis, the implication and conclusions of the results
obtained are outlined. This includes answers to the research questions and an outline of future
work that should be conducted regarding the topics explored.
1.1

Thesis Objectives and Contribution
Recent steel bridge designs have removed the need for gusset plate connections by utilizing

built-up sections that seamlessly connect the members of the bridge trusses. These new
connections rely on the performance of their welds to hold their sections together and allow for a
smooth transfer of forces within the structure. Unfortunately, a potential failure mode in modern
steel bridges has been determined to be fatigue cracking due to hidden defects within bridge welds
[1]. Extensive research has not been conducted on the effect of welding defects on the overall
performance of bridge structures aside from forensic investigations of post-failure defect induced
fatigue cracking. Laboratory testing on the effect of welding defects on bridge performance has
not been presented in any reputable publications.
The overarching objective of this research was to evaluate the impact of weld quality on
gusset-less bridge connection performance through laboratory testing. This was done by
conducting fatigue tests on weld samples created with either perfectly intact or defective welds.
These tests were run until the samples fractured. The impact of the weld quality on the fatigue
performance of the samples was then analyzed by determining if there was a relationship between
defect level and fatigue performance.
Fatigue performance of each sample was defined by the number of loading cycles a sample
could withstand before one of three fatigue failure limits was initiated and defect quantity was
defined on two levels. The three defined fatigue failure categories followed the three stages of
fatigue crack growth; initial cracking, crack propagation and, ultimate fracture. Initial cracking
2

was defined by the presence of a visible crack on the weld surface of a sample. Initial cracking and
ultimate fracture were based on cumulative cycle counting throughout the life of each sample’s
fatigue test while crack propagation was defined as the difference between the fracture and initial
cracking cycle counts. The two levels used for defect quantity of each sample were the surface
level defect amount and the internal defect amount. Surface level defect amount was determined
was calculating the percent of each weld surface that exhibited visible defects and the internal
defect amount was evaluated by calculating the percent of the fracture surface that was defective.
Relationships were then evaluated separately for each defect level amount versus the cycle counts
for each failure category for all samples testing. Accordingly, six relationships were evaluated.
This research aimed to establish a universal method for future fatigue tests of defective and
intact weld samples and to determine if strain gages can be used to indicate when initial fatigue
cracking was going to be initiated. ASTM E466-15 for force-controlled fatigue testing and ASTM
E606-12 for strain-controlled fatigue testing were used as a guide however, these standards did not
address the specific monitoring methods needed to determine the cycle count values for each
failure category, the exact setup procedures required to run each test or, methods for determining
the amount of weld defect present on each sample. These issues were addressed by determining
and presenting a succinct testing procedure which described the testing process in detail including
sample/test design, defect amount determination, test implementation, methods for cycle counting.
To determine the ability of strain gages to indicate fatigue failure, each sample was carefully
instrumented and, strain gage measurements were evaluated after each testing period.
The general objects of this research are as follows in descending order of importance;
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•

Determine the relationship between weld quality and fatigue performance by evaluating
the correlations between two different weld defect values and three separate cycle count
values corresponding to various fatigue failure categories.

•

Establish a program for running fatigue tests on defective and intact weld samples
focused on determining the amount of defect present on each sample and the number of
loading cycles each sampled endures until three separate failure modes are initiated.

•

Evaluate the ability of strain gages to determine when initial fatigue cracking would
occur by looking for changes in the strain data over time.

It was decided to use a previously conducted fatigue test carried out on a gusset-less
connection used on the Memorial Bridge in Portsmouth, NH as a base for the test design. The
Memorial Bridge is the only traffic carrying bridge in the United States to use a gusset-less
connection which prompted the bridge owner to question the performance of the connection. To
verify the design, graduate students at the University of New Hampshire (UNH) were tasked with
designing and implementing a scale model laboratory test on a replica of the connection [2]. This
test was successful, making it a valid reference to use in the design of the defective weld fatigue
testing [3].
1.2

Memorial Bridge Case Study
The Memorial Bridge is a three-span steel truss lift bridge spanning over the Piscataqua

River, a major shipping channel, between Portsmouth, NH and Kittery, ME. The structure was
originally constructed in 1923 and utilized gusset plate connections to frame together its truss
chords and diagonal struts. In 2009, the Memorial Bridge was closed to vehicle traffic due to
structural deficiencies regarding the “severe corrosion” (Figure 2) present in the superstructure of
the system [4]. Over the next two years, the bridge underwent several repairs which only served
4

to prolong the inevitable need for a full replacement. The focus of these repairs was the corroded
gusset plates and floor beams [5]. Undetected gusset plate corrosion is a problem in truss bridges
due to their difficulty to inspect [6]. To address this issue on the new Memorial Bridge, the New
Hampshire Department of Transportation (NHDOT) decided to accept a bid presented by the
engineering firm NHTB. Their design not only utilized a gusset-less truss connection (Figure 1)
but, it promised to deliver the completed bridge in only 18-months [7].
The new Memorial Bridge opened in 2013 and is the only vehicular traffic bridge in the
United States to utilize a gusset-less connection [8]. Consequently, the gusset-less connections on
the bridge could not be ordered from a steel mill as rolled sections and had to be “built up” from

Figure 2: Example of Typical Corrosion Found on the Memorial
Bridge Before Closure [4].

Figure 1: Annotated Photo of a Gusset-less Connection on the Memorial
Bridge.
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multiple steel plates, joined together with welds. The connections themselves were made of A709
Gr. 50 steel and, designed to have one-inch thick webs and 1.25 inch thick flanges. For steel plates
of this size, a 5/8th inch thick weld was required. The welds used were five pass, automated, gasshielded flux-cored arc welds (FCAW-G). Based on the uniqueness of this design, the NHDOT
decided that the connection should be experimentally verified, even though the bridge designer
proved it was more than adequate through calculations and finite element models (FEMs). Faculty
at UNH were awarded funding by the NHDOT to design and carry out a fatigue test on a scale
model replica of the connection [2].
According to the design of the connection and the parameters of the fatigue test, the fatigue
design of the connection would be verified if the scale model was able to withstand 1.6 million
cycles of loading via a varyingly applied uniaxial tensile force with a range of 100 kips [3]. These
parameters were chosen based on the specimen’s fatigue category, testing equipment/laboratory
limitations and, FEMs created for the experiment. Figure 3 shows a schematic of the test setup
used for the experiment and a photo of this setup is provided in Figure 56, Appendix B. The
actuator was the mechanism used to apply the tensile force to the specimen and, the reaction
block/bracket served to hold the actuator and specimen in place and prevent lateral and out of plane
movement. Ultimately, the testing concluded after 1.6 million cycles and no damage was visually

Figure 3: CAD Drawing of the Gusset-less Connection Laboratory Fatigue Testing Setup [2].
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detected on the specimen thereby confirming the bridge connection’s performance was adequate,
according to its fatigue design [3].
1.3

Background Information and Literature Review
To fully investigate the characteristics of the fatigue performance evaluated in this study, a

literature review was conducted on fatigue testing standards and the effect of weld defects on steel
structures. Specifically, structural welding, engineering fatigue, typical fatigue testing procedures
and, weld defect case studies were explored. The information obtained through this review is
presented in this section.
1.3.1 Structural Welding
Generally, welding is the process of joining two metal parts through fusion. Fusion is
obtained by melting materials with high heat. An electrode (filler material or welding rod) is added
in between the joined metals (base metal), to form a solid bridge [9]. While there are over 40
different methods of welding, arc welding is the most commonly used process in modern
construction. In this process, a conducting wire (powered by an input voltage) creates an arc
between the electrode and base metal that is hot enough to completely melt the filler and melt a
portion of the base metal, thereby joining the base metals together with a filler joint. The contact
area between the filler and base metal is known as the heat affected zone (HAZ) [10]. Arc welding
is an efficient method of welding because it ensures a complete and consistent heat source.
However, oxygen in the atmosphere poses a threat to the arc and finished joints because it can
oxidize the arc and form an incomplete bond within the finished weld. To prevent oxidation, an
inert gas can be supplied, creating a protective bubble around the weld site. The gas can create an
additional protective coating on the finished weld referred to as slag which, may or may not be
removed after welding [10].
7

One process of applying inert gas to arc welds is gas-shielded, flux-cored arc welding
(FCAW-G) where gas is supplied via a flux contained inside the welding rod itself and from a gas
nozzle (Figure 4). This method is referred to as double shielding because it utilizes two methods
of arc protection and produces high quality welds [12]. The flux used in the core for this process
is a powdered metal combined with other materials that leaves behind a very solid and consistent
slag. Unfortunately, the slag left behind must be removed to avoid contamination as some of its
components are harmful to the filler material. In multiple pass welds, removing the slag is
especially crucial, as the slag will not bond to either filler or base metal. Additionally, the
conductivity of the electrode used is highly sensitive to changes in input voltage. If the input is too
high or too low, the melting of the flux core will create too much or too little slag, leading to either
slag inclusion or porosity defects [13].
For arc welding in general, slag inclusion, porosity, lack of root fusion and, thermal cracking
are the dominant defects that could form during fusion. Figure 5 illustrates these common welding
defects. In this figure, the base metal is the hatched area, the welds are the dark grey areas, and the
defects are the black objects. Lack of root fusion and cracking generally occur when the welds are

Figure 4: FCAW-G Process Diagram [11].
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Figure 5: Examples of Welding Defects Associated with Arc
Welding [14].

heated, cooled or, laid too quickly. During rapid heating, the filler material or base metal can form
tensile cracks, in or near the HAZ, when the thermal stresses induced by the arc surpass the tensile
yield stress (maximum allowable stress until permeant deformation ensues) of either material.
When a weld is cooled too rapidly, the thermal stresses from the welding will not dissipate evenly
throughout the material and form residual stresses which create pockets of high stress
concentrations that can lead to tensile cracks. Alternatively, when the weld is laid too fast, the filler
and base materials do not have enough time to melt and fuse and longitudinal cracks between the
electrode and parent metal can form [15]. The effect of these defects on the overall performance
of the welded element depends on the type of weld, the geometry of the weld joint and, how the
joint is loaded [15].
The AISC Steel Construction Manual identifies, groove, fillet and, plug/slot welds as the
main weld types used in construction [16]. Each of these weld types can be laid and loaded in
various ways. Groove welds are used to fill in a gap between two materials and can be fully
penetrating or partially penetrating. Full penetration, or complete joint penetration (CJP), is when
the filler material is laid so it completely fills the gap between the two base metals. Partial joint
penetration (PJP) is when the filler material only fills a portion of the gap between the two bases.
For both types of groove welds, a notch (usually “V” shaped), is cut into the gap between the base
9

metals, with the depth of the notch signifying the depth of the final groove weld. Fillet welds
connect the metals on the surface. These welds are used when the base metals are perpendicular to
each other, creating a 90° joint. Like fillet welds, plug and slot welds do not penetrate the surface
of the base materials. These welds are used to connect two over lapping materials, where the top
material has a hole or slot cut into it, which is filled with the weld thereby connecting the over
lapping metals [17]. Figure 6 shows how these three types of welds are laid out (the darker material
signifies the welds while the lighter material is the base metals).
In addition to the three common types of welds, there are common types of joint geometries
and loading conditions. These joints include butt, lap, tee, corner and, edge. Figure 7 shows how
these different joints are arranged. Corner, edge and, tee joints form 90° angles, and account for
the majority of welded connections in steel bridges [19]. Fillet welds are usually used in these
connections because the angle formed by the placement of these two edges provides an adequate

Figure 6: Diagram of the Three Common Weld Types [18].

Figure 7: Diagram of Common Welded Joint Configurations [18].
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contact area for the weld. Butt and lap joints generally require groove welds and often are specified
by the steel fabricator instead of a bridge designer [20]. Each combination of joint and weld type
can be loaded either perpendicular, parallel or, at an angle to the weld. Parallel loading is when the
external forces acting on the joint are in line with the welded joint at a 180° angle. Perpendicular
loading is when the external forces act at a 90° angle to the welded joint. Angular loading is when
the angle between the line of loading and welded joint is anything other than 90° or 180°. With
any of these loading conditions, the forces can be applied concentrically or eccentrically.
Concentric loading is when the externally applied load acts at the centroid of a weld where
eccentrical loading is when the loads are applied anywhere else in relation to the weld [16].
1.3.2 Engineering Fatigue
Fatigue is the breakdown of a material due to repeated cycles of stress below the material’s
yield strength. At the microscopic level, all materials contain imperfections, around which internal
forces can concentrate. This concentration may cause the material to experience local stresses
higher than the yield stress and cause undetectable, minute cracks to form within the atomic
structure. If the material continues to be variably loaded, the cracks will grow large enough to
affect the behavior of the material and lead to fracture [21].
Fatigue damage is developed progressively, however, complete fracture often occurs
suddenly and without warning. This is because fatigue cracks develop in three defined stages;
nucleation (initial cracking), propagation and, fracture [22]. Nucleation happens at the microscopic
level, due to force concentrations at points of material discontinuity, geometry changes or, defects.
Here, repeated loading and unloading will slowly move the atoms, or bands of atoms, within these
irregularities further and further apart until their bonds separate in shear. Once a crack is nuclear,
the crack will propagate, usually along a plane perpendicular to the line of loading, regardless of
11

the orientation of the original crack. This is because tensile forces at the crack tip over come the
shear forces within the atomic structure, causing tensile fracture as opposed to shear rupture [23].
Figure 8 illustrates the change in crack orientation from nucleation (stage 1) to propagation (stage
2). It should be noted that this illustration is on the atomic scale and, nucleation is usually
imperceptible to the human eye while propagation may or may not be visible. Stage 3 of this
process is the ultimate fracture of the component such that the crack has propagated completely
through the cross-section of the component. Stage 1 and 3 crack growth can ultimately be described
as exponential functions of time where stage 2 growth is almost a linear trend. Additionally, the
number of loading cycles spent in stage 1 often accounts for over 90% of the total loading cycles
required until rupture, and stages 2 and 3 account for less than 10% of the total cycles combined
[24]. Therefore, fatigue cracks in a structure may only be visible for the last 1/10 th of its life and
can go unnoticed until full rupture ensues.
Loading cycles and stress range are the main parameters used to define fatigue performance
of variably loaded structures. In bridge design, “the stress range for the fatigue limit state is the

Figure 8: Fatigue Crack Growth from Stage 1 to Stage 2 [22].
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algebraic difference between a maximum and minimum live load stress caused by the passage of
a single fatigue design vehicle occupying a single lane” [25]. Where a “single fatigue design
vehicle” is a specified arrangement of point loads engineers use in design. Figure 9 illustrates a
simplified stress history for a bridge, where the length of time between the peak maximum liveload stress and peak secondary live-load stress would be one cycle. To simplify this stress range
over time relationship, the rain flow counting technique was developed. This technique allows
designers to take a stress versus time plot with many different stress ranges and simplify it into
one equivalent stress range [26]. Using this final stress range value and a S-N curve, an engineer
can estimate how many cycles of loading an element can withstand until fatigue failure ensures.
S-N curves are plots of stress range (S) versus loading cycles until expected failure (N).
These curves assume linear-elastic behavior. This means the material will only experience stresses
below the yield stress and permeant deformation due to the stress amplitude will not govern the
design [27]. Figure 10 illustrates a basic S-N curve for a metallic material. Here, Sut corresponds
to the ultimate stress range (maximum possible range before immediate fracture), S L corresponds

Figure 9: Typical Stress Versus Time History for a Continuous Bridge [25].
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Figure 10: Annotated S-N Curve for a Typical Metal Material [28].

to the stress range threshold for low cycle fatigue and, Se corresponds to the stress range threshold
for infinite life. To use this graph, a designer can find the stress range experienced by an element
(Sf) on the “Fatigue Strength” axis and find the corresponding failure prediction (N) on the
“Number of Cycle” axis. This graph is broken up into three separate regions of low cycle fatigue,
high cycle fatigue and, infinite life/endurance limit. Low cycle and high cycle fatigue are both
examples of finite life prediction for fatigue design meaning, for a stress range within these
regions, the element can be expected to experience fatigue failure after a given number of loading
cycles. Low cycle fatigue corresponds to completely plastic behavior, meaning the stresses
experienced in this region are higher than the yield stress of the material [29]. High cycle fatigue
corresponds to elastic behavior. The endurance limit is the stress range that a material can
experience indefinitely without any fatigue failure. It should be noted that these graphs should only
be used to estimate high cycle and infinite life fatigue behavior and another method is needed for
low cycle fatigue life prediction.
The AASHTO LRFD Bridge Design Specifications reference manual includes many
different S-N curves to be used for a wide variety of bridge members, connections and, loading
conditions. For welded or bolted steel connections, this code has eight detail categories which are
A, B, B’, C, C’, D, E and, E’ [30]. Additionally, this code provides a table with over 30 different
14

connection orientations and loading conditions, each of which has an assigned category or multiple
categories depending on member sizes and connection dimensions. Figure 11 shows an example
of this table for “Welded Joints Traverse to the Direction of Primary Stress”. For each connection,
this table includes a detailed description of the loading/attachment mechanism, the detail category,
the value of constant “A”, the threshold stress (∆F)TH, common crack initiation point on the
connection and, a labeled diagram of the element. The threshold stress defines the upper limit of
the infinite life stress range. The constant “A” is used to define the slope of the finite life high cycle
fatigue line on the S-N curve for each detail. Since this portion of the curve assumes elastic
behavior, the stress range-cycles until failure relationship can be modeled as a straight line with a
constant slope. Figure 12 shows AASHTO’s S-N curves for all eight of their detail categories. The
stress range axis on this graph is in units of ksi (kips per square inch) and on a log scale and the
number of cycles axis is also on a log scale. According to AASHTO, high cycle fatigue only
happens after 105 cycles, regardless of the detail category and, low cycle fatigue should not be
used in design [30]. The solid line on this plot represents the finite life slope, defined by “A”, and
the dotted line represents the infinite life threshold. Equation 1 (AASHTO 6.6.1.2.5-2) below can

Figure 11: LRFD Bridge Design Specifications Table 6.6.1.2.3-1: Detail Categories for Load-Induced Fatigue [30].
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Figure 12: AASHTO LRFD Bridge Design Specification Figure 6.5.5.2.2.1.1-3 [30].

be used to calculate the stress range associated with a specific number of cycles until failure per
detail category where (∆F)n is the design stress range [30].
1

(∆𝐹)𝑛 =

𝐴 3
(𝑁 )

……………………………………………………………...(Eq. 1)

1.3.3 Typical Fatigue Testing Procedures
ASTM International (formerly the American Society for Testing Materials) provides
standards for various types of fatigue tests, data acquisition systems and, post-processing
techniques. The goal of this organization is to assist in giving concise and unified procedures to be
used by industry professionals for material testing applications in order to avoid conflicting test
results and, legal discrepancies. For reported data to be used in construction it is essential that lab
technicians and engineers follow these standards as they have been legally adopted or referenced
by many municipalities and industries throughout the united states [31]. For research however,
these guidelines may be adhered to or not, depending on the goals of the project.
For axial fatigue testing, these standards can be used to design specimen to be tested, define
the loading characteristics (form, amplitude, etc.), recommend data recording techniques and,
provide post-processing methods to present results. The types of fatigue tests outlined by ASTM
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fall under three categories; cyclic deformation and fatigue crack formation, crack growth behavior
and, fracture mechanics. These categories allow for the analysis of either the fatigue behavior until
failure initiates or the mechanics of cracking and fracture once cracking has begun. Consequently,
these analyses require different specimen configuration and test equipment, making it difficult to
evaluate both pre and post-cracking fatigue behavior on one sample with, one test procedure.
The standards for inducing and monitoring cyclic deformation and crack formation due to
fatigue are designated in ASTM E466-15 and E606-12. These tests are defined as either constant
amplitude forced-controlled (E466-15) or constant amplitude strain-controlled fatigue testing
(E606-12). Force-controlled testing is when the loading exerted on the test specimen is controlled
by a force limit or range [32]. Strain controlled is where the testing apparatus is designed to exert
a specific strain range or limit on the specimen by controlling the displacement of the test frame
[33]. For high cycle fatigue, force-controlled testing is recommended while strain-controlled
testing is recommended for low cycle fatigue.
The form of the load/displacement can be either sinusoidal, square or, triangular. For any of
these applications, the maximum force/displacement, minimum force/displacement, range of these
values and, cycling frequency define the loading conditions. Figure 13 illustrates these parameters
and the shape of the three possible loading forms to be used in fatigue testing for a force-controlled
test where Pmax is the maximum load, Pmin is the minimum load and ∆P is the loading range. In
constant amplitude testing, the force range remains constant throughout, making the testing more
consistent from sample to sample. For force-controlled testing of high cycle fatigue, it is necessary
to compute the stress range experienced by a member based on the applied waveform. Equations
2 through 5 can be used for this purpose where “Area” is the cross-sectional area of the test
specimen, perpendicular to the applied load and σ represents engineering stress.
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Figure 13: Various Waveforms Applicable to Fatigue Testing of
Materials [34].

𝜎𝑚𝑎𝑥 =
𝜎𝑚𝑖𝑛 =

𝑃𝑚𝑎𝑥
𝐴𝑟𝑒𝑎
𝑃𝑚𝑖𝑛
𝐴𝑟𝑒𝑎

……………………………………………………………… (Eq. 2)

….………………….………………………………………… (Eq. 3)

𝜎𝑟𝑎𝑛𝑔𝑒 = |𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 | ……. ...………………………………………… (Eq. 4)
𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =

|𝜎𝑚𝑎𝑥 |−|𝜎𝑚𝑖𝑛 |
2

……… . ………………………………………… (Eq. 5)

There are three different types of stress ranges that can be used in fatigue testing. These
types are full tension, full reversal, or full compression. For full tension, the maximum and
minimum forces are both positive and the average stress is a positive value representing a net
tensile force on the specimen. For full reversal, the maximum force is positive, and the minimum
force is negative but, both forces have the same amplitude resulting in an average force of zero.
Full compression is like full tension expect both forces are negative and have a negative average
force resulting in completely compressive forces on the samples [35]. The amplitude of the stress
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Figure 14: ASTM Certified Rectangular Fatigue Specimen for Force-Controlled
Testing [32].

range to be used in testing depends on if high or low cycle fatigue is desired. For loading
frequencies (fr), the standards only specify that dynamic effects should be minimal as to not
influence the temperature of the specimen during testing.
It is recommended to use specimen with circular cross sections for strain-controlled testing
and specimen with rectangular cross sections for force-controlled testing however, the driving
factor for either specimen design is to include a reduced cross section in the area of interest. Figure
14 illustrates an acceptable rectangular specimen as outlined for force-controlled testing. Here, L
is the length of the reduced cross section and W is the width of this section. R is the bend radius
of the transition zone between the gripped ends (larger cross section) and reduced section and T is
the thickness of the specimen. It is recommended to have a W to T ratio between 2 and 8 with an
overall reduced cross section between 0.030 in2 and 1.000 in2, gripped ends at least 1.5 times wider
than the reduced section, L between 2 and 3 times larger than W and, a radius R at least 8 times W
[32]. For strain-controlled testing, circular cross sections are recommended exclusively, with
slightly higher ratios of reduced section width to grip width but, generally similar characteristics
to the rectangular specimen recommended for force-control [33].
The standards are vague when it comes to choosing loading apparatuses, instrumentation
and, gripping equipment. “Testing machines should have a force-monitoring system, such as a
transducer mounted in series with the specimen or mounted on the specimen itself…” [32]. Using
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these transducers, the force should be recorded periodically to ensure consistency. Grips should be
designed to reduce bending stresses and slipping of the specimen during testing. Besides the force
monitoring transducers, no other instrumentation devices are recommended for force-controlled
testing. Strain-controlled testing however, specifies that a strain-gaged or LVDT displacement
transducer should be mounted to each specimen to record strain during all testing periods and that
this device should be calibrated periodically according to the manufacturer’s recommendations
[33]. Strain gages may be applied to the surface of the specimen however, they should not be the
sole data recording device as they will fail once cracking or fracture has begun. Additionally, an
adequate data acquisition system should be used to record the strain or displacement data from the
instrumentation device or devices at a rate of 50 times the loading frequency for sinusoidal
waveforms or such that the measured strains are within 2% of the expected values [36].
For results from the ASTM certified cyclic deformation and crack formation fatigue tests,
it is recommended to document the testing process in full and report the number of cycles required
until failure (Nf) for each tested specimen. Failure can be defined by the test administrator and may
include crack initiation, specimen deformation or, fracture [32/33]. There is no specific analysis
required for strain or force data that has been recorded throughout the testing. Fracture
characteristics may or may not be reported in this testing scenario but, full fracture behavior
analysis should be done using ASTM’s crack growth and fracture toughness testing standards.
For crack growth due to fatigue loading, ASTM recommends testing notched specimen and
calculating the crack-tip stress-intensity factor range “∆K” based on the fatigue crack growth rate
(ASTM E647-15) [37]. This parameter is a measured value that defines the orientation, geometry
and, growth conditions at the tip of a crack from initial cracking to fracture, assuming linearelasticity [24]. There are three modes of crack-tip stress-intensity factors which correspond to
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opening (KI), in-plane shear (KII) and, out-of-plane shear (KIII) crack behavior. For tensile testing,
∆K is often a function of mode I behavior, so mode II and mode III may be neglected [24/37]. To
measure this value, a specimen should be tested with a constant amplitude sinusoidal tension force
and, created with a notch (Figure 15) such that the location for the crack initiation point is well
known. From here, the specimen must be pre-cracked at the notch tip, therefore inducing
nucleation. Once pre-cracked, the specimen will be tested, and the crack will be frequently
observed through a microscope so the length of the crack can be recorded over time. With the
minimum crack length and maximum crack length over time, Kmin and Kmax can be calculated
where Kmin is a function of the minimum stress and minimum crack size and Kmax is a function of
the maximum stress and maximum crack size [35]. From here, ∆K is the difference between these
two values. It is recommended to record the crack width over time with some sort of mechanically
attached transducer or gage. The grips and loading apparatus used can be any that allow for an
even distribution of load throughout the notched specimen. For results, the stress intensity factor
range should be presented as well as Kmax and Kmin, parameters such as the crack stress intensity
threshold (Kth) may also be included [37].

Figure 15: Compact Notched Tension Specimen Used
in Stress Intensity Factor Fatigue Testing [38].
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To evaluate the fracture of a fatigued metal, ASTM recommends measuring the fracture
toughness (KIc) of that metal using ASTM E399-19. This parameter is the measure of a materials
resistance to fracture once a crack has formed and propagated [39]. Fracture toughness is typically
only used in failure analysis fractured elements of and therefore only a brief synopsis of this test
is presented here [40]. This test follows a similar procedure as the crack-tip stress-intensity range
test however, crack width is the driving measurement instead of crack length. With the crack width
measurements over time, V(t), due to a cyclic tensile load and the loading history, P(t), the fracture
toughness can be calculated. The samples used in this testing must be notched and pre-cracked,
like in ∆K testing. A strain gaged transducer that is mechanically attached at the notch mouth
should be used to measure the crack width over time. Loading equipment and grips used must
prevent lateral displacement and accurately apply/record the load history, usually in a sinusoidal
form. Additionally, it is essential to avoid dynamic impacts to the sample so the stress rate must
be between 30 and 150 ksi√in/min [39]. For the results V(t), P(t) and, KIc should be reported.
1.3.4 Defective Weld Case Studies
Bridge failure can be catastrophic and lead to loss of property and resources, injury and,
death. In order to prevent failure, the Federal High Administration (FHWA) requires all bridges
that either carry traffic or cross over a traffic carrying lane to be registered to the National Bridge
Inventory (NBI) and receive routine inspections [41]. FHWA mandates that all bridges be
inspected on at least a bi-yearly basis however, many states have adopted a yearly inspection
protocol [42]. These inspections consist of observations and measurements which are used to
determine the “physical and functional condition of the bridge, to identify any changes from
“initial” or previously recorded conditions, and to ensure that the structure continues to satisfy
present service requirements” [41]. Based on these inspections, each component of the bridge is
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given a rating, and those ratings are weighted together to create an overall rating for the entire
structure. These ratings range from excellent condition (9) to failed condition (0). Bridges are
usually closed when their condition becomes “critical” with a score of 2 however, they may be
closed earlier or later depending on bridges ability to satisfy its service requirements [42]. It is the
goal of these inspections and ratings to prevent failure by catching deterioration early. This is not
always possibly however, since some failure modes, such as fatigue fracture, happen without
warning or occur in sections of the bridge which are difficult to inspect, such as inside gusset plate
connections.
Between 1977 and 2000 there have been at least 575 reported bridge failures in the United
States, where failure is defined as complete collapse or major distress [43]. For most of these
failures, a forensic investigation was conducted to determine the exact cause of the failure. These
investigations are very thorough and can include; site observations and measurements, eyewitness
accounts, material evaluation, laboratory testing, nondestructive testing, ultrasonic testing, load
testing, etc. [44]. According to various case studies, welding defects have been identified as a
significance cause for fatigue failure of bridges [1].
John W. Fisher wrote a book summarizing 22 case studies of bridge failures due to fatigue
loading. One third of the failures he analyzed were the result of weld defects [40]. The Lafayette
Street Bridge, Quinnipiac River Bridge and, Dan Ryan Rapid Transit Ramp all experienced fatigue
cracking due to lack of root fusion defects. The Lafayette Bridge experienced major cracking along
the web of one of its girders. This crack originated from a defective weld that connected a gusset
plate to the girder. This crack resulted in the adjacent members experiencing stress ranges of 4.68
ksi when their design stress range was around 2 ksi. A similar crack appeared in the Quinnipiac
River Bridge, where the experienced stress range after cracking was 8.25 ksi compared to the
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design stress range of 4.35 ksi. The U.S. 51 Bridge over the Illinois River experienced both lack
of fusion and slag inclusion on an improper groove welded cover plate which resulted in two large
vertical cracks that traversed its built-up girder. This structure was designed to have an infinite
fatigue life however, these defects caused significant damage after 16 million loading cycles (22
years). Slag inclusion and porosity defects were found on the Highway 28 Bridge over I-57, the
Aquasabon River Bridge and, the Gulf Outlet Bridge. On the Highway 28 Bridge, large cracks
propagated from plug welded rivet holes on the main girder which contained major defects. When
it was first detected, the largest of these cracks was over 15 ft long and spanned along the length
of the girder. The bridge was only in-service for nine years at the time of detection [40].
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2. WELD TESTING DESIGN AND FABRICATION
This chapter will discuss the design of the weld specimen fatigue test and fabrication of the
weld samples tested. The theories, methodology and, equations used for the test design will be
presented in detail. Additionally, this chapter will explore the equipment used in the testing
including instrumentation, testing equipment, testing fixtures and, data collection systems. This
chapter will conclude with general remarks regarding problems encountered throughout the
process.
2.1

Weld Specimen Fabrication
To carry out the objectives of this research, it was essential to first design and create intact

and defective welded samples. The driving factor in the sample design was to mimic the weld type,
geometry and, process used on the Memorial Bridge’s gusset-less connections. A secondary goal
of the weld sample design was to generally follow the ASTM E466-15 specimen geometry
recommendations. Therefore, the samples required a 5/8th inch thick, 5 pass, FCAW-G weld with
A709 steel base metal. Fillet welds would be ideal but, the joint orientations required for a fillet
weld were not conducive to the fatigue specimen geometries recommended by ASTM E446-15,
the force-controlled fatigue testing standard. It was decided to create the samples from two sets of
5/8th inch thick A709 steel plates, connected with 5/8th inch thick, 5 pass, FCAW-G full penetration
groove welds. The plates were beveled in the groove area to allow for a 45° inclusive weld angle.
Additionally, the plates were separated by 1/4th inch and a backer plate was laid underneath the
groove so the welds would remain contained within the groove. Figure 16 illustrates the plate and
weld configuration used with all final dimensions labeled.
In order to include defects in the weld samples, it was not possible to fabricate the samples
with the automated welding technique employed on the Memorial Bridge. The welds had to be
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Figure 16: CAD Illustrations of Weld Plate Configurations for Weld Sample Fabrication.

laid manually by an experienced, union certified welder. This allowed the welder to carefully
include the defects required within each sample. The defects included in the weld samples were
porosity, slag inclusion, lack of root fusion, and lack of sidewall fusion. To simulate porosity,
three-millimeter diameter glass beads were laid between weld passes one and two or two and three.
The quantity and arrangement of these beads varied. For slag inclusion defects, the welder
neglected to remove the extra slag from either the first or second weld pass, thereby trapping the
slag within the welds. Figure 60 in Appendix B illustrates the slag left behind during this process.
Lack of side wall fusion was simulated by placing a thin steel plate between the sidewall and weld
within the groove. Lack of root fusion was simulated by the welding laying an improper weld on
the first pass. In addition to the defective welds, the welder created perfectly intact welds. Figure
17 shows the two plate sets before (top) and after (bottom) welding took place. Note the backer
plate that was laid under the base metals, the thin plates laid within the groove to simulate lack of
sidewall fusion defects and, how the plates were marked up, so each defect type was easily
identifiable after welding. Additional text was overlaid on Figure 17 to highlight the defect
included on each section of the plate.
After welding, the plates were cut into strips, perpendicular to the direction of the weld and
machined into samples which could be tested appropriately. The weld defects were laid out so that
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Figure 17: Plate Sets Before and After Welding.

each defect could be made into at least two samples, and the fully intact welds could be made into
four samples. Nine strips were cut out of each plate, each with a width of 5/8th inches. After the
plates were cut into strips, they were numbed from 16 to 32, so they could be identified throughout
the fabrication and testing process. The strips were then milled to have a uniform shape and
reduced cross section in the weld area, as prescribed by ASTM E466-15.
Figure 18 shows the milling process, broken into three stages. The first stage was the initial
plate cutting. Stage two was to remove the backer plate and cut the strips into uniform, extruded
squares such that each side was 1/2 inch wide. Stage three was then to reduce the cross section in
the weld area. The weld area was reduced by 3/64th of an inch on all sides leaving each side of the
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Figure 18: Sample Fabrication Process Diagram from Initial Cutting to Final Geometry.

section to be 13/32th of an inch wide (roughly 0.4 inches). A fillet was added to the boundary
between the gripped end and the reduced section. This reduction did not satisfy the ASTM E46615 standard for reduced area width to thickness ratio. However, this reduction did satisfy the
requirement for gripped end area to be 1.5 times larger than the reduced section area. The griped
cross sectional area was 0.25 in2 and the reduced cross sectional area was 0.155 in2. Additionally,
the reduced cross section length was made to be one inch, which satisfied the length to width ratio
recommended by the force-controlled fatigue testing standard. A photo of one of the samples after
final machining is shown in Figure 19 and, an illustration showing the final dimensions of the weld
samples is shown in Figure 20. Additional photos of the welding process and cut samples are
provided in Appendix B and specifications for the welding wire used in this process is provided in
Figure 50 of Appendix A.

Figure 19: Photograph of One Weld Sample After Fabrication.
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Figure 20: Dimensioned Illustration of the Final Weld Samples to be Tested.

2.1.1 Challenges During Sample Fabrication
Two plate sets containing partial penetration welds were created in addition to the CJP welds
however, these plate sets could not be further milled after they were welded. The partial penetration
sets were designed to have a half depth groove weld, meaning only half of the grooved area would
be joined with a weld. This left a small crack like gap in the weld area between the base metals.
During cooling, the weld contracted which opened the gap between the plates. There was no
possible way to mill the plates into samples with the required dimensions because of the size of
the gap. A side view of one edge of one of the half penetration plates is shown in Figure 21. In this
photo the crack that formed during cooling has been highlighted. Large cracks also developed
during the fabrication process on the lack of side and root fusion samples within the full penetration
plates. These cracks were similar to the cracks that formed on the partial penetration plates.
Accordingly, none of these defect types could be used for testing leaving only 13 samples available
to be tested.

Figure 21: Example of Fabrication Crack That Formed During Cooling of The Partial
Penetration Plate Sets.
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2.2

Testing Design and Methodology
This testing was designed according to the design intent of the gusset-less connection at the

Memorial Bridge, the fatigue test carried out by Duncan McGeehan and Fernanda Fisher and, the
guidelines set forth by ASTM standards. ASTM E466-15, the standard for force-controlled fatigue
testing was most applicable to this research however, ASTM E606-12, the standard for straincontrolled fatigue testing was referenced for guidance on instrumentation selection. It should be
noted that many deviations from the applicable ASTM standards were made according to the
uniqueness of this research and the requirement to adhere to the design specifications of the gussetless connection. The reasoning and design motives behind the gusset-less connection testing will
not be addressed in detail. “Design and Fabrication of a Specimen and Experimental Setup for
Fatigue Testing of a Gusset-less Bridge Connection” by Fernanda Fischer and “Experimental
Evaluation of Fatigue Test Setup for a Gusset-less Truss Connection” by Duncan McGeehan
should be reviewed for a complete understanding of the Gusset-less Fatigue Testing Project.
The gusset-less connection experiment was designed as a force-controlled, uniaxial, tension
only, quasi-static, sinusoidal cyclically loaded, high cycle fatigue test. These parameters were
chosen based on the loading conditions of the Memorial Bridge’s connections. The tension only,
uniaxial condition assumed the external forces on each connection acted on one axis with a
“pulling” force. A quasi-static loading rate was chosen to avoid dynamic impacts. According to
the quasi-static loading rate range, the highest frequency that could be applied to the specimen was
3.5 Hz (3.5 cycles per minute). At this rate, the actuator (loading mechanism) was able to apply a
maximum tensile force of 105 kips. Therefore, the final loading parameters were decided to be a
sinusoidal wave form with maximum force of 105 kips and minimum force of 5 kips at a rate of
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3.5 Hz. This exerted a force range of 100 kips on the specimen, resulting in a maximum measured
stress range of 12 ksi in the weld area.
As stated, the goal of the defective weld testing design was to imitate the conditions of the
gusset-less fatigue test. It was decided to follow the tension only, quasi-static, sinusoidal loading
parameters. Ideally, this test would also be run to impart a 12 ksi stress range on the samples at a
frequency of 3.5 Hz. This stress range had to be checked to ensure that failure could be reached
for each sample in a timely manner.
The loading configuration and weld geometry of the samples fit Section 5.1 of Table
6.6.1.2.3-1: Detail Categories for Load-Induced Fatigue in the AASHTO LRFD Bridge Design
Code (Figure 11, reproduced below). This configuration had two possible detail categories
depending on the yield strength of the base metal. The yield strength of the A709 steel used was
specified to be 50 ksi therefore, detail category B was selected. For this category, constant A (slope
of the S-N curve) equaled 120x108 and the threshold stress range was 16 ksi. The threshold stress
range is the upper limit of stress for infinite life fatigue so, the 12 ksi stress range seen on the
gusset-less specimen could not be used in this experiment and another stress range had to be
determined.
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The stress range chosen for the weld fatigue testing had to balance the estimated number of
cycles until failure (N) between infinite life fatigue and the low cycle fatigue threshold. According
to the AASHTO code, N had to be between 100,000 and 3,000,000 cycles. Total testing time was
another consideration in determining the appropriate stress range. For instance, at 3.5 Hz, if the
predicted cycles until failure was 1,000,000 then it would take one sample almost 80 hours to fail
(Eq. 6 below) and the total testing time of the thirteen samples would be over 1,000 hours. It would
take 25 weeks to test every sample for this N, assuming 40 hours of testing was possible each
week. This estimate also did not include set-up, calibration or, troubleshooting time for any
problems that may arise during testing. The total testing time should be around eight weeks to
account for set-up, calibration and, troubleshooting. Working backwards from this ideal eightweek window, it was determined that the samples should have an expected number of cycles until
failure of 300,000. Using Equation 1 the ideal test design stress range was calculated to be 34.2
ksi (Figure 22). This number increased to 36.2 ksi to account for any samples that may not fail at
the estimated N value.
With the testing stress range determined, the loading parameters Pmax, Pmin and, Pave could
be determined. Equation 2 on page 18 illustrated the relationship between load, cross sectional
area and, tensile stress. This equation was modified to calculate force from the given stress range
and cross sectional area. Using the reduced cross sectional area in the weld region on the samples
(final dimensions of 0.39 inches by 0.39 inches) and the design stress determined above, a
maximum load, Pmax, of 5.6 kips was calculated. With this maximum load equal to the stress range
of the test, Pmin would be 0 kips. The average load was then calculated to be 2.8 kips (Figure 23).
𝐹𝑎𝑖𝑙𝑢𝑟𝑒 𝑇𝑖𝑚𝑒 =

𝑁
𝑓𝑟

1 𝑚𝑖𝑛

1 ℎ𝑜𝑢𝑟

∗ 60 𝑠𝑒𝑐 ∗ 60 𝑚𝑖𝑛……………………………………..…. (Eq. 6)
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Figure 22: Calculated Fatigue Testing Design Stress Range
Using AASHTO 6.6.1.2.5-2 (Equation 1) [30].

Figure 23: Maximum and Average Loads to be Used in Testing Based on Equations 2 and 4.

Therefore, the final test loading would be a sinusoidal waveform with maximum load of 5.6
kips, minimum load of 0 kips, average load of 2.8 kips and, a frequency of 3.5 Hz. This produced
produce a final testing stress range of 36.2 ksi which had an estimated number of cycles until
failure of 253,000. While it was not expected that the test system would actually reach the lower
0 kip limit, the idea was to set the first test to that limit and see what the lowest possible force the
system would operate to.
2.3

Equipment and Instrumentation Devices Selected for Testing
Using ASTM E466-15 and E606-12 fatigue testing standards as a guideline, appropriate

equipment for loading, instrumentation and, data acquisition was selected. The recommendations
and testing plans presented by ASTM were not adhered to entirely because of the laboratory
limitations presented in the High Bay as well as the uniqueness of the objectives and procedures
used in this fatigue test. The basic equipment required for this experiment were the testing machine
and control system, specimen grips, strain gaged extensometer, strain gages, data acquisition
system (DAQ) and, video recording devices.
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2.3.1 Equipment Selected
The testing machine chosen for this test was an Instron® Universal Testing Machine (UTM).
This machine was chosen because it was available at UNH and met the loading conditions required
of this testing. The load capacity of this machine was 225 kips in either tension or compression
with no theoretical frequency limits. This machine was comprised of seven basic components; load
frame, load cell, cross-head, displacement transducer, actuator, controller, user interface and,
conditioning equipment [45].
Figure 24 shows a basic diagram of the different parts of the UTM. The load frame housed
the different parts of the machine and served as a rigid fixture to prevent out of plane movement.
The cross head was attached to the top of the load frame and could move up and down to allow for
various sample sizes and configurations. Attached underneath the cross head was the load cell and

Figure 24: Instron® System Diagram Modified From [46].
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load washer. These two items measured the force exerted on the samples. This measurement was
recorded by the DAQ system. The upper grip held one end of the sample and was directly attached
to the load washer for an accurate force measurement. The other end of each sample was held in
place by the lower grip which was fixed to the actuator. This component moved up or down,
depending on the command set by the testing program. A servo-value regulated the amount of
hydraulic fluid leaving or entering the actuator, thereby controlling its movement. A displacement
transducer (LVDT) was connected directly to the actuator and servo value to measure the relative
displacement of the actuator. This LVDT was also connected to the controller and DAQ system.
The testing program could specify either a force-controlled or displacement-controlled test, the
shape of the loading form, the frequency of loading, limits on the forces/displacements, etc. Once
a test program is specified, the LVDT, load cell and, actuator all work together to carry out that
test program.
The grips chosen for this test were Materials Testing Technology (MTT) Steel Wedge
Action Grips. These fixtures had a maximum load capacity of 10,000 lbs (10 kips) and could work
in tension or compression. Figure 25 shows the grips, loaded with a weld sample. The
specifications for these grips are provided in Figure 51 of Appendix A. The samples were fixed
between steel wedges that applied a clamping force to the ends of the sample when tightened or
pulled. The wedge action of this apparatus helped to keep the samples in place and prevented
slipping throughout their test life. This clamping force did not affect the axial load acting up the

Figure 25: MTT Steel Wedge Grips Loaded with a Weld Sample.
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sample, since it was applied perpendicularly to the load and only acted at the very ends of the
sample. The clevis ends attached to each grip provided a means of tightening the grips during the
initial sample placement and acted as a connection point between the grip system and the
actuator/load washer on the UTM.
2.3.2 Instrumentation Devices Selected
It was decided that an additional means of strain/force measuring should be used in this
experiment, to further verify the output of the UTM’s load cell and LVDT. An Epsilon Technology
Corporation Axial Strain Gaged Extensometer and Omega™ pre-wired linear strain gages were
chosen as the supplementary measurement devices to be used during testing. The extensometer
measured axial deformation over the entire reduced cross section over time and could be left
attached to each sample through fracture. The strain gages measured localized liner strains over
time but, they would stop working once a crack had formed.
The extensometer device worked by converting the displacement of two probe ends to an
electrical output through a Wheatstone bridge. The probe ends were attached to the samples just
above and below the reduced cross section, perpendicular to the direction of loading. A clamp and
rubber bands were used to connect the probe ends to the sample. When the sample was pulled in
tension, the length of the reduced cross section increased, therefore moving the probe ends further

Figure 26: Strain Gaged Extensometer Wheatstone Bridge Configuration [33].

36

Figure 27: Extensometer Connected to a Weld Sample to be Used During
Testing.

apart. As shown in Figure 26, the moving of these probes bent the Wheatstone bridge attached to
the probes. When the Wheatstone bridge was bent or, deformed, the bridge experienced an
excitation voltage which traveled through a series of resisters and was converted to an output
voltage. Using a scale factor, this output voltage was then read by a DAQ and converted to either
strain or displacement, depending on the DAQ setup. Figure 27 shows a picture of the
extensometer connected to a sample. The horizontal arms acted as the probe ends, the silver bars
were used for attachment and, the Wheatstone bridge was housed within the unit on the right of
the arms.
The strain gages worked like the extensometer but, their Wheatstone bridge was connected
directly to the sample, eliminating the need for probed ends and thereby providing more accurate
results. These gages had a 0.6 mm gage length and could only measure deformation over this small
area. Three strain gages were applied to each sample, with two in the reduced weld area and one
on the base metal, all parallel to the direction of loading.
With the strain and displacement values collected by these devices, stress within the samples
could be calculated. This stress could then be compared to the desired stress range of 36.2 ksi to
verify the loading conditions. Equation 7 and 8 show the conversion from displacement to strain
and then strain to stress, respectively. σt represented axial stress, εt was axial strain and, Ε was the
modulus of elasticity for the material. Between the UTMs measurement devices, the extensometer
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and, the three strain gages, enough data was collected to monitor each test, verify the loading
conditions and, analyze the fatigue performance of the samples.
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑚𝑒𝑛𝑡

𝜀𝑡 = 𝑔𝑎𝑢𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ ..…………………………………………………………. (Eq. 7)
𝜎𝑡 = 𝜀𝑡 ∗ 𝛦 …………………………………………………………………. (Eq. 8)
To collect and record the output produced by the extensometer and strain gages, a DAQ
system was needed. DAQ systems are comprised of a card, chassis and, user interface. The DAQ
selected was a National Instruments™ cDAQ-9178 chassis with a 9219 input card and LabView
computer software. This system was capable of reading data at a frequency up to 20 MHz (20,000
Hz) and recording it in multiple formats. The system was configured so that the extensometer and
strain gages were connected to the card, the card was connected to the chassis, and the chassis was
connected to a computer with LabView software. The output voltages of the Wheatstone bridge
within the extensometer and strain gages were recorded by the computer using LabView. The
LabView software served as the user interface and allowed for configuration of the data collection
system, calibration of each device and, real time graphical outputs to monitor testing.
The last piece of monitoring equipment used in this system was for video recording of the
testing. The purpose of recording the testing was to monitor crack initiation, growth and, then
ultimately, fracture. These videos could then be used to monitor the crack growth and behavior of
the samples. Two GoPro Hero 5® cameras were selected, each capable of recording 1080p video
at a rate of 60 Hz. These cameras utilized a fisheye lens with an optimal field of view of 12+
inches. Since clear and non-distorted videos were needed to analyze the testing, the cameras had
to be fit with a lens which both removed the fisheye effect and reduced the optimum field of view
to 4-5 inches. With the lens, the cameras could be mounted such that they were four inches away
from the reduced cross section faces and aligned so the desired area was in the center of the videos.
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In addition to the cameras, a 12 v battery powered LED light was used in the recording area, to
better highlight the field of view for clearer videos. All specifications for the DAQ equipment and
instrumentation devices used in the testing are provided in Figure 52 through Figure 55 of
Appendix A.
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3. TEST IMPLIMENTATION, VERIFICATION AND, PROCEDURE
This chapter will discuss how the testing was implemented in the UNH Structural Testing
Laboratory (High Bay) and how each test was verified for consistency. Additionally, this chapter
explains the categorization process for each defective sample, equipment calibration techniques
and, the final testing procedure used.
3.1

Initial Specimen Categorization
Before testing could be carried out, it was necessary to categorize each defective weld

sample based on how much defect was present. The goal was to calculate the percent of the weld
that was defective on all samples. X-ray diffraction, mass spectrometry and, surface image
processing were considered as ways to categorize the defect levels of the welds.
X-ray diffraction and mass spectrometry were considered because they are established
methods of weld defect detection. X-ray diffraction worked by bombarding the welds with waves
of electromagnetic radiation and then mapping the deflection patterns of the waves. The waves
would deflect off imperfections within a material differently than they would deflect off the normal
sections of a material. This change in deflection pattern would be used to locate the imperfections
in a sample [47]. Mass spectrometry would work in a similar manner except it used protons instead
of x-rays. The issue with these detection methods, is that they can be prone to noise and, were very
labor intensive/expensive. Additionally, these methods would both require that the samples be sent
to a third-party lab and this would have caused delays in the project and required funding that was
not available at the time. Ultimately, it was decided that these detection methods should not be
utilized, and a simpler, more accessible method was chosen.
A new method for quantifying the amount of defect on each weld sample was developed
that would initially categorize the weld samples based on their surface defects. Surface level defect
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categorization was a viable option because all defective weld samples had clearly visible defects
in their weld region and visual defect inspection of the weld surface is a common verification
technique for structural welds. Figure 28, shows pictures taken of all four sides of a defective weld
sample, with the weld region outlined on side 1 and a surface defect highlighted on side 4. A
computer program was written using MATLAB® software that could calculate the exact percent
of the weld surfaces that were defective using photos like those in Figure 28.
The procedure developed for the MATLAB® program was based on image processing
techniques using matrix operations and functions provided in the MATLAB® image processing
toolbox. First, an image of the weld region on one side of a sample was captured and cropped to
only show the weld region of that side of the sample. Next, the cropped image was read by the
program and converted to a matrix of numbers between 0 and 100 using the “imread” function. In
this matrix, each number represented the color of one pixel in the image. The pixel matrix was
then converted to a black and white binary matrix of 1s and 0s based on a threshold value between
0 and 1, where anything below this value represented black (0s) and anything above this value
represented white (1s). The binary matrix was used to specifically define the points on the images
that represented areas of welding defect. This conversion was done with the “imbinarize” function.
The average threshold value used in the conversion was 0.3 meaning any number below 30 in the

Figure 28: Images of All Four Sides of Weld Sample 31 Highlighting Surface Defects and Weld Region
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Figure 29: Weld Defect Categorization Process Using the Image
Processing Program Written With MATLAB® (Sample 31, side 4).

pixel matrix were converted to a 0 to represent black and everything else was converted to a 1 to
represent white. In this binary matrix, the weld defects visible on the surface of each sample were
shown as black and the intact surface was shown as white. Figure 29 shows this process from the
original image, to the cropped image, to a graphical representation of the binary matrix. Lastly,
the number of instances of 0s in the matrix was divided by the total size of the matrix and converted
to a percent which represented the percentage of defect that was present on that side of the weld
sample. The final MATLAB® script used for this process is given in Figure 65, Appendix C.
A major drawback of using this process was that the area of the weld region was subjective
based on the size of the cropped image used in each conversion. Care was taken to only include
the weld region defined by the edges of the sample and the boundary of the reduced cross section
to base metal area. Minor inconsistences however were inevitable due to each sample having a
slightly different fillet size between the weld area and base metal.
Table 1 shows the final values for the surface level defect percent for all for sides of all 13
samples to be tested. In this table, the column numbers 1, 2, 3 and, 4 correspond to the side number
of each sample. The average percent defect for each sample is also listed which was found by
averaging the defect percent on all four sides of every sample. For reference, sample 31 (Figure
28) had the highest average surface defect percent with 4.31%. On that sample, side 4 had a defect
percent of 13.2%, side 2 had a defect percent of 3.28% and, sides 1 and 3 had a 0% defect percent.
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Table 1: Table of Individual Surface Level Defect Percent for all Weld
Samples.

It was decided to use the average percent defect for surface level defect quantification in order to
assign an objective and consistent defect percent to each sample. This assessment gave the same
weight to all sides of every sample regardless of the level of defect present on that side.
Accordingly, this allowed each sample to have the same level of importance among the total
sample set.
Once each sample was tested until fracture, the internal percent defect of each weld sample
could be calculated. The internal level of defect was found by using the same image processing
technique used on the surface level however, the fractured cross section surface was used instead
of the weld surface. This internal defect percent was a more accurate representation of the actual
amount of welding defect present on each sample. Additionally, the cross section of each weld
sample had very defined boundaries which removed the drawback associated with the inconsistent
weld region areas on the surface defect characterizations. More details regarding the internal weld
defect values for each sample are presented in Section 4.3.
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3.2

Instrumentation Set-up and Calibration
To collect accurate strain and displacement measurements, the instrumentation devices had

to be set up and calibrated properly. Each sample had to be firmly affixed to the grips and loaded
concentrically in the test system. Additionally, each device had to be calibrated before each test to
ensure it collected proper and consistent measurements.
3.2.1 Instrumentation Configuration
The first step in this process was to determine where to attach the strain gages and the face
on which to attach the extensometer. Each device would only be able to measure the strains
associated with the side they were attached. The most efficient instrument configuration would be
able to measure the strains of all four sides of each sample. This would mean that strain gages
should be attached to three separate sides of the weld area and the extensometer would be attached
to the remaining side. The gages however, had to be attached directly to the weld or base metal
and could not be attached to the surface defects. Measuring the defect strains would not
characterize the performance of the weld or steel. Some defective samples had two sides which
could not support a strain gage at all due to their large percentage of surface defect. Therefore, it
was decided to apply two strain gages to the weld region. These two strain gages would be attached
to opposite sides of the sample, in the very center of the reduced weld area, parallel to the direction
of loading. Another strain gage would be attached to the base metal, above one of the weld regions
strain gages. The extensometer would be attached to one of the sides without a strain gage such
that the probe ends were fixed directly to the base metal on the very outermost edge of the boundary
between the base metal and weld region. Figure 30 shows the location of the extensometer probe
ends and strain gages on one sample during testing. Note how the strain gage on side 2 was not
located directly in the middle of the weld area because of the defect locations and sizes.
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Figure 30: Typical Strain Gage and Extensometer Arrangement for a Weld Sample During Testing.

3.2.2 Instrumentation Attachment and Calibration Process
After the instrumentation locations were determined, the devices were attached and
calibrated to ensure accurate measurements. The setup and calibration process for the strain gages
was straight forward and done according to the manufacturer’s recommendations. First, the gages
were glued to each sample and left to cure for two hours. The gages were then wired into the card
and their associated gage factor values were input into LabView. The samples were laid flat, so no
forces were acting on the samples. The output voltage of the gages in this position was read by
LabView and marked as the zero-strain output voltage. During testing the output voltage of the
gages was converted within LabView to strain values based on the gage factor specified by the
manufacturer and the zero-strain value determined during this calibration procedure.
The extensometer required a prescriptive calibration procedure because the manufacturers
recommended procedure was not supported by the LabView software. A calibration process was
developed to create a custom scaling factor and zero-displacement output voltage in LabView for
the extensometer. For this process, weld samples were loaded into the UTM such that their ends
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Figure 31: Calibration Setup for the Extensometer.

butted up against each other and they were in line. The extensometer was attached to the samples
so one probe end rested on the top sample and the other end rested on the lower sample, as shown
in Figure 31. The calibration scale was created in LabView by using the UTM to move the samples
apart in 0.01 mm increments and recording each incremental displacement. The final calibrated
scale was in units of mV/mm, so that the output voltage (mV) was converted within LabView to
the corresponding displacement value (mm). To ensure continued accuracy of the extensometer,
this calibration process was repeated after every other sample was tested.
This attachment and calibration process were repeated for each sample before testing as
every strain gage had a different gage factor and new gages were used each time. The extensometer
calibration process was repeated after every other test. Each of these calibration techniques was
replicated identically to ensure consistency during testing.
3.3

Sample Loading and Universal Testing Machine Tuning
After the strain gages were attached to the samples and calibrated, the samples had to be

loaded into the grips and the UTM had to be tuned for the loading range and rate desired for the
testing program. The samples had to be carefully aligned within the grips, so they were centered
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with the actuator and load cell. For cyclic loading, the UTM had to be tuned to align with the
material properties or the grips and weld samples.
3.3.1 Sample Alignment and Attachment to the UTM
Each sample had to be carefully aligned within the grips so that they were parallel with the
direction of loading and centered in the UTM. To achieve this, the sample’s and grip’s center
points were measured with a dial caliper and marked with a permanent marker. The samples were
loaded into the first grip such that the center marks aligned. A speed square was used to further
ensure that each sample was perpendicular to the edge of each grip. Then, the grip was clamped to
a work bench and tightened with a wrench provided by MTT. The other grip was then applied to
the sample with the same method. After the sample was fastened to both grips, a level was used to
ensure that all four faces of each grip were in line with each other and level when placed on a level
surface. This procedure produced a high confidence that the samples were as centered and parallel
to the grips as possible.
The grips were loaded into the UTM after they were fastened to each sample. To do this, the
actuator had to be lowered to its lowest position and the cross head had to be raised. The male
clevis end of the lower grip was placed into an adapter that was screwed onto the actuator. The
grip assembly was then rotated so that the bolt hole in the clevis was in line with the bolt holes of
the adapter. A high strength bolt was placed through the adapter and clevis bolt holes and a nut
was screwed on the bolt, to prevent movement of the bolt during loading. The actuator was then
raised to its mid height position (about three inches from the table) and the cross head was lowered
until the upper grip’s clevis end was inside of the cross-head adapter. Then, the actuator was raised
incrementally until the bolt holes on the upper grip and cross head adapter lined up and a bolt was
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threaded through the hole and secured in place with a nut. Figure 32 shows this loading process
with the various elements labeled.
3.3.2 Tuning of the Testing Machine for Testing Program
Since all materials behave uniquely, the UTM must be tuned for every new material that is
to be tested. This is especially true for fatigue testing since loads are applied cyclically and the
servo valve needs to be adjusted based on the frequency of testing. Improperly tuned systems can
lead to the actuator over or undershooting the applied load and, the load application being out of

Figure 32: Process for Loading the Grip System Into the UTM.
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tune with the load command. To monitor this behavior, the UTM user interface can generate realtime graphs of displacement versus time and load versus time, simultaneously plotting the
command values (user specified load/displacement history) against the measured values (taken
form the LVDT and load cell). Furthermore, the user interface allows users to tune the system so
that the command values match the measured values, therefore verifying the applied
loads/displacement are in-sync with the expected parameters.
With the first weld sample loaded into the UTM, an initial load test was conducted to ensure
the system was in-tune. This load test was conducted for 100 cycles with a sinusoidal wave form
at a frequency of 3.5 Hz, with a peak load of 5.6 kips and minimum load of 0 kips, as specified
during the testing design phase. A perfectly intact sample was used for this load test. Figure 33
shows the results of this initial load test where the command load was represented by the red line
and the measured load was represented by the blue line. The vertical axis of this graph represented
the load (force) in kips and horizontal axis represented the time throughout the load test in seconds.
The range of the horizontal axis was kept from 0 to 2 seconds, which was 7 loading cycles.
Two major discrepancies between the command load and measured load were noticed on
Figure 33. First, the applied load was not making it to a minimum value of 0 kips, as expected.
The second issue was that the actual applied loading was out of sync with the command load. To
fix the first issue, it was decided to move the minimum load to 0.3 kips, as this was the lowest load
measured by the load cell during the initial load test. With this new minimum load, the maximum
load also had to be increased to achieve the desired 36.2 ksi stress range. Since a 5.6 kip load range
produced the desired 36.2 ksi stress range, the maximum load was increased by 0.3 kips to a new
value of 5.9 kips.
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Figure 33: Initial Load Test Output From the UTM.

Another load test was conducted with the new loading conditions and the results of this test
were shown in Figure 34, where the parameters of the figure were the same as Figure 33. With this
load adjustment, the first problem was solved as the measured load was now in the desired 5.6 kip
range with a minimum force of 0.3 kips and a maximum force of 5.9 kips. To solve the second
issue that persisted after the second load test, the UTM was tuned so the servo valve could align
with the command loading. Gains were adjusted in the UTM interface which modified the valve
operation. The two gains that were adjusted were the P-gain and I-gain. The P-gain adjusted the
load level while the I-gain adjusted the frequency level. After incrementally modifying the P-gain
from the initial value of 1 to a final value of 7.3, the measured load was in-tune with the command
load. The I-gain did not have to be adjusted and remain at a level of 1. Figure 35 shows the final
load test where the command and measured loads are in tune with each other. There was still a
slight offset of these values however, further tuning could not remove this condition and the offset
did not affect the testing. With these load tests completed, a final system verification could be
conducted and, the weld sample fatigue testing could begin.
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Figure 34: Second Load Test Output From the UTM.

Figure 35: Third Load Test Output From the UTM.
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3.4

Final System Verification
In addition to using the UTM output to verify the load on the weld samples and monitor the

testing, the strain gage and extensometer measurements were evaluated. Additional load tests were
run on the first loaded sample to compare the UTM output to the instrumentation measurements.
The strain gages did not measure force and the UTM did not measure strain. The UTM outputs
and strain outputs had to be converted to stresses so their readings could be compared. The force
output was divided by the cross sectional area of the samples using Equation 2 and the strain output
was multiplied by the modulus of elasticity for the material to get stress, as in Equation 8. These
manipulations were done in MATLAB®, assuming the modulus of elasticity for the base metal and
weld region was 29,700 ksi. Since the base metal cross section was larger than the reduced cross
section, the stress range experienced by this area was expected to be 22.4 ksi, not 36.2 ksi.
Figure 36 depicts the converted stress output graphs for the base metal, where the top curve
represented the stresses converted from the load cell measurements on the UTM and the bottom
graph showed the stresses converted from the strain gage (“Strain Gage 3”) attached to the base
metal. The graph only represented a period of 8 seconds (28 cycles). Although the raw stress values
of these two graphs did not match completely, their stress ranges did. A filter was applied to the
strain outputs that removed all strain values above or below the 94th percentile, to remove noise.
After the noise was filtered, the average stress range, taken over 100 cycles, measured at the base
metal location was 25.8 ksi compared to the expected 22.4 ksi stress range.
The difference between these two values was due to the weld sample not being perfectly
centered in the UTM, or the Saint-Venants Principal. Off centered loading would cause one side
of the sample to experience a higher local stress than the other side. While not ideal, this condition
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Figure 36: Stress Comparison Between UTM Output and Strain Gage 3.

was unavoidable given the grip configuration, even with the upmost care being taken during
sample loading. The Saint-Venants Principal explains how local stress distortion can happen near
areas of applied load [21]. The load on each sample was applied to the surface of the samples
where they were connected to the grip wedges. This would create a higher local stress in the base
metal on the surface, near the wedges. This phenomenon would not affect the stresses within the
weld region, as this region is far away from the load application and would experience a more
uniform stress distribution. To check this assumption, the same stress comparison that was
conducted for the base metal strain gage measurements and UTM output was carried out for the
strain gages located in the weld region. It should be noted, that the base metal strain gage was
moved further away from the grip on subsequent sample tests and the strains measured at this
location matched the expected strain more accurately.
Figure 37 shows the graphical comparison between the two strain gages located in the weld
region (bottom two graphs) and the UTM output (top graph). These graphs had the same period of
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Figure 37: Stress Comparison Between UTM Output and Strain Gages 1 and 2.

Figure 36 and an assumed modulus of elasticity of 29,700 ksi. After averaging the stress range
over 1000 cycles with a 6% filter, the average stress ranges for strain gage 1 and 2 were 33.4 ksi
and 32 ksi, respectively. These ranges did not match the expected range from the UTM output.
Accordingly, it was determined that the modulus of elasticity in the weld region was not 29,700
ksi. Weld properties are assumed to be the same as their base metals and a modulus of elasticity
specific to this weld type could not be found.
The modulus of elasticity for the weld region to be used in this study had to be determined
empirically. This was done by iterating on the modulus used in the stress calculations until the
average stress range calculated from the strain gage measurements was 36.2 ksi. A modulus of
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Figure 38: Stress Comparison Between UTM Output and Strain Gages 1 and 2 Using Modified Modulus.

33,600 ksi was determined to provide the best results. Figure 38 shows the same graphs as in
Figure 37 except, these graphs were creating using a modulus of elasticity of 33,600 ksi. The
average stress ranges found at gage 1 and 2 with the modified modulus were 37.6 ksi and 36.2 ksi,
respectively. The difference between these two values was likely due to non-concentered loading
conditions being applied to the sample but, this condition was largely ignored throughout testing.
The last device that had to be verified against the UTM output was the extensometer. This
device had a much lower accuracy expectation as it was not glued to the sample. Additionally,
these devices are generally used to measure larger displacements in strain-controlled fatigue
testing (low-cycle). To calculate stress from this device, the output had to be first converted to a
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Figure 39:Stress Comparison Between UTM Output and Extensometer Using Modified Modulus.

strain by dividing the displacement values by the gage length (Equation 7) and, then multiplied by
the elastic modulus (Equation 8). Figure 39 shows the comparison between the stresses calculated
from the UTM output in the weld region and the stresses calculated from the extensometer. The
average stress range calculated from the extensometer measurements was 48.1 ksi. The
extensometer was removed and reattached with thicker rubber bands however, this did little to
change the output. The manufacturer of the extensometer reported that the uncertainty in the
displacement measurements for this device was almost 0.01 mm. This means that the device may
measure displacements that are 0.01 mm larger or smaller than the actual displacement of the
sample. The expected displacement of the sample was roughly 0.03 mm meaning there could be a
33% error for the extensometer’s measurements due solely to the uncertainty of the device.
Accordingly, these measurements were not used to analyze the testing data or drawn any
conclusions from. The extensometer was still used during each test but, the measurements were
largely ignored.
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3.5

Final Defective Weld Fatigue Testing Procedure
The final testing procedure used for each sample was broken into three parts; initial sample

setup, fatigue testing and, final sample removal. Initial sample setup included specimen
preparation, attaching the samples to the grips and, setting up the instrumentation/recording
devices. After initial setup, the actual fatigue testing was carried out, in 25,000 cycle increments,
until the samples fractured. The final stage of testing was to remove the samples from the system
and analyze the results.
3.5.1 Initial Sample Setup
The initial sample set up was broken into 7 steps. First, the sample had to be prepared to
ensure the instrumentation devices could work accurately and the grips could be applied correctly.
Isopropyl alcohol was used to thoroughly clean the sample of oil and dirt, and then the sample was
dried with a cotton cloth. Any identification markings (sample/side numbers) that were removed
with the cleaning were reapplied with permanent marker and the center point of all sides of the
sample was marked. Then, the grips were attached to the sample such that the center points of the
grip and sample aligned. Levels, triangles and, rulers were used to verify the sample was centered.
Once the grips were attached, the strain gages were applied to the sample using the manufacture’s
recommended process. The glue used to attach the gages was left to cure for two hours and then
the gages were attached to the DAQ system and calibrated. It was important to calibrate the gages
while the sample was lying flat to get an accurate zero-strain reading. Next, the grip assembly was
loaded onto the actuator and the lower grip was attached to the actuator adapter. The extensometer
was then attached to the sample with its built-in attachment clamps and rubber bands. Finally, the
video recording equipment was set up such that the two cameras were focused on adjacent sides
of the weld region and the LED light was focused on this region. Figure 40 shows a photo of the
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testing setup after the initial setup was complete. The system would remain in this configuration
throughout its test life. The steps used in the initial setup are listed below.
1. Prepare weld sample
2. Attach grips to weld sample
3. Apply strain gages to weld sample
4. Calibrate strain gages
5. Load grip assembly into UTM
6. Attach extensometer
7. Set-up recording devices

Figure 40: A Photo of the Weld Testing System After Initial Sample Setup
Had Been Completed.
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3.5.2 Fatigue Testing Procedure
Once each sample was initially setup, it was tested incrementally until the sample fractured
and the test was complete. The test periods were set to 25,000 cycles and lasted almost two hours
each. After each test period, the upper grip was detached from the cross head and the UTM needed
at least 30 minutes to cool down before another test period could be started. During each test
period, strict force and displacement limits were set on the UTM interface so that if these limits
were reached, the test would immediately stop and, the actuator would not move further up or
down. The testing limits are further discussed in Section 4.1. The flowchart shown in Figure 41
outlines the exact testing procedure used for each testing period. Once the testing life of the sample
was reached (fracture occurred), the final testing stage was carried out.
3.5.3 Final Sample Removal
There were four steps in the last process of each sample’s test. First, the recording devices,
strain gages and, extensometer had to be removed from the sample. Then, the actuator was lowered
and the grips were disconnected and detached from the UTM. The grips each had to be loosened
so the samples could be taken out of the grips. Observations were recorded on the fractured sample
and photographs were taken. All data recorded during the testing was then saved and transferred
to a server for safe storage. A short list for these procedures is provided below.
1. Remove instrumentation and recording devices
2. Remove grips from UTM
3. Remove weld sample from grips
4. Document weld sample thoroughly
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Figure 41: Defective Weld Fatigue Testing Process Diagram.
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4. WELD TESTING RESULTS
This chapter will discuss the results of the defective weld testing. Specifically, this chapter
will discuss how the results were analyzed and provide detailed descriptions of the results broken
into two categories; Cycle counting results and strain gage analysis results. The impact of these
results on the research objectives presented in Chapter 1 will not be discussed in this chapter but,
will be addressed in the following chapter.
4.1

Fatigue Testing Result Analysis Methods
The focus of the results presented in this chapter was the number of cycles until crack

initiation (N1), the number of cycles during crack propagation (N2), the total number of cycles
until complete fracture (N3) and, the strain data collected from each sample. Plots were made to
correlate the N values with the level of damage in each sample. Lines were fit to these plots to
determine whether there was a relationship between the N parameters and the defect level and
what that relationship was. For each sample, the strain data was analyzed to look for changes in
strain behavior. The data was then compared to the N values to determine if the strain data would
change behavior before initial cracking was detected.
To determine the number of cycles for each of the damage parameters, cycle counting was
done on the UTM interface, as well as documented during testing. To determine the cycles for
crack initialization, strict limits were set on the UTM and the tests were closely monitored. Initial
cracking was defined as any visible crack in the weld region. Most initial cracks caused the UTMs
set limits to be tripped, so the test would automatically be stopped, and the cumulative cycles
would be recorded. The limit chosen for this initial cracking state was the maximum displacement
due to the peak 5.9 kip load + 0.5 mm. From here, the propagation of the crack would be monitored
both visually and with the GoPro® cameras. The displacement limit on the UTM would be
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increased by 1mm and testing would resume until the new limit was tripped. If the sample did not
fracture at this point, the UTMs limit would be increased an additional 2mm, and testing would
resume until complete fracture was reached. Figure 42 shows photos taken before cracking, after
the first crack initiated, after the crack fully propagated and, after fractured for samples 17 (top)
and 19 (bottom). The initial cracks were highlighted in this figure with a red circle and arrow.
These photos followed the UTMs limit increase procedure for crack monitoring. With these cycle
count values, graphs were made to compare the three different N values to the amount of surface
defect present on each sample.

Figure 42: Crack Progression on Weld Sample 17, Side 3, 0.96% Defective (Top) and Weld Sample 19, Side
4, 1.27% Defective (Bottom).
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Scatter plots were made of each N category for number of cycles and surface level defect
percent of every tested sample. These plots were then fit with multiple lines (exponential,
polynomial and, linear) until a line of best fit was determined. This determination was based on a
goodness of fit test using the adjusted r-square parameter (adj-r2). The adjusted r-square statistic,
a value between 0 and 1, was used to signify how accurately the data points correlated to the line
of best fit. An adjusted r-square of 1 meant that the data exactly fit the chosen line. The null
hypothesis for this fit test was that a relationship could not be established. A confidence interval
of 0.05 was then selected to test the null hypothesis. With these parameters, any adj-r2 value below
0.95 would confirm the null hypothesis, meaning that this specific test could not confirm the
presence of a relationship. If a fit line had an adj-r2 value above 0.95, the null hypothesis could not
be confirmed and, a correlation was present.
Besides using the cycle counts to quantify this experiment, the strain data collected
throughout the testing was analyzed. The main goal of this analysis was to determine if trends in
the strain measurements taken at each gage location would indicate a change in behavior before
the initial fatigue cracks were visually identified on each sample. To do this, the strain data was
used to calculate the average strain range measured by each strain gage over every testing period.
The average strain ranges were then plotted against the cumulative number of cycles reached at
the end of each testing period. These graphs would show general trends in the strain data, and only
accurately represent long term changes in the strain conditions of each sample. To analyze the
strain measurements more locally, the average strain ranges were calculated for every 1,000 cycles
within one testing period. This analysis showed how each individual test progressed. MATLAB®
scripts were written to carry out these calculations and are presented in Figure 66 and Figure 67 of
Appendix C.
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Figure 43 shows the overall average strain range graph for one sample and Figure 44 shows
the more local average strain graph for the same sample but for one testing period (highlighted in
yellow on Figure 43). On these figures, the cycles were in scientific notation. The four lines
represent the strain ranges calculated from the data measured at the three gage locations and from
the extensometer. Notice how in both graphs, the extensometer data was erratic and followed no
general trend. The strain gages however, gave very clear and consistent measurements throughout
the testing, as shown by their constant measured strains in both the overall graph and local graph.

Region Shown in Figure 44

Figure 43: Average Strain Ranges for All Testing Periods on Sample 21 Taken from Strain Gage Measurements.

Figure 44: Average Strain Ranges for One Test Period on Sample 21 Taken from Strain Gage Measurements.
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4.2

General Comments Regarding Fatigue Testing Results
Only thirteen weld samples were milled to the desired dimensions for use in this study.

Eleven of these samples had either porosity or slag inclusion defects and two samples had fully intact welds. The lack of root and side fusion samples could not be further milled after they were cut
from the original plates due to large cracks in their weld region. These cracks were purposely
formed during the welding process however, they were much larger than was intended. Therefore,
no lack of root or side fusion samples were tested.
Of the thirteen milled samples that could be tested, only ten were used. The first sample that
was tested was a fully in-tact weld. This sample was tested for 750,000 cycles at the 36.2 ksi stress
range and experienced no visible cracking during the testing. The original cycles until failure
estimate calculated from the AASHTO S-N curve for that detail category was 250,000. It was
understood before testing that the samples may not fail at the estimated N. It was not expected that
the samples would reach three times the estimated amount of cycles without failing. Accordingly,
a testing limit was set at 500,000 cycles. Three samples reached this limit without experiencing
any visible cracking and two of these three samples were defective samples. Therefore, samples
with an amount of defect less than the two which did not fail at 500,000 were not tested. Ten
samples were tested in total and seven of those ten samples fractured before the testing limit was
reached.
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4.3

Cycle Counting Results
The final N values measured from each samples fatigue test are presented in Table 2. This

table shows every weld sample that was tested, the associated surface level defect percent, N1, N2
and, N3 values. The samples are displayed in ascending order by surface defect percent. Samples
26, 21 and, 16 do not have N1 or N2 values as they did not crack and their N3 does not represent
the number of cycles until fracture. Instead, N3 for these samples represents the number of cycles
they were tested over.
The plots of N to surface defect for the weld samples fit with various line types are shown
in Figure 45 on the following page. For the plots of N1 (top) and N2 (middle) versus defect percent,
only the seven samples that fractured were plotted. On the plot of N3 (bottom), all ten samples
were plotted however, the rightmost three data points represent the three samples which did not
fracture so their N3 values were the number of cycles they reached when their tests were stopped.
For every plot, the red line represents the line of best fit and the blue dots represent the data points
(surface defect percent, N value). The vertical axis is the surface level defect amount in units of
percent and its range remains constant among the three plots. The horizontal axis represents the
number of cycles for that N and the range is different for each plot.
Table 2: N1, N2 and, N3 Cycle Values for All Tested Weld Samples.
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The best fit lines on all the plots for the surface level defect percent versus N values were
exponential decay functions. The cycles until initial cracking (N1) versus surface defect amount
had a 2nd order exponential decaying best fit line with an adj-r2 of 0.70. N2 and N3 plots both had
first order exponential decaying fit lines with adjusted r-square values of 0.64 and 0.85,
respectively. These adj-r2 values did not fall within the selected 0.05 confidence level. Therefore,

2nd Order Exponential
adj-r2 = 0.70

1st Order Exponential
adj-r2 = 0.64

1st Order Exponential
adj-r2 = 0.85

Figure 45: Fitted Plots of Surface Defect Percent Versus Cycles Required to Reach Each Stage of Fatigue Cracking for Tested
Weld Samples.
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the null hypothesis was confirmed and there was no correlation between the data points and the fit
lines.
After inspecting the fractured weld samples, it was determined that the surface level defect
values did not accurately represent the internal amount of defect within each weld region. This
was why no relationships could be established on the Figure 45 plots. The cross sectional defect
percent was then calculated for every fractured sample using the same process as the surface level
defect percent. The results of this internal defect analysis are presented in Table 3 below. This
table shows each fractured weld samples number, surface level defect percent, weld region cross
sectional defect percent and, N values. The samples are arranged in descending order of internal
defect percent.
Figure 46 on page 66 shows the new plots of defect level versus N values using the cross
sectional defect percent of each sample. These plots were exactly like those Figure 45 but
represented the relationship between the internal defect percent and N values. Also, the three
samples which did not fracture were removed. Notice the closeness of the data points to the lines
of best fit on the plots. Every best fit line on Figure 46 was a 2nd order exponential decaying
function with a high adj-r2. The adjusted r-square values were 0.98, 0.99 and, 0.97 for N1, N2 and,
N3 plots respectively. This meant that all the best fit lines were well within the 0.05 confidence
Table 3: Table of Individual Surface and Internal Defect Percent for all Fractured Weld Samples with N Values.
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interval and the null hypothesis was rejected. Therefore, a relationship between internal defect
percent and cycle values was present. The shape of the best fit lines for N1 and N3 cracking stages
matched each other and depicted a smooth, constantly decreasing relationship. The N2 best fit line
however, did not follow a constantly increasing or decreasing relationship, which meant that
another factor, influenced the number of cycles during crack propagation.

2nd Order Exponential
adj-r2 = 0.98

2nd Order Exponential
adj-r2 = 0.99

2nd Order Exponential
adj-r2 = 0.97

Figure 46: Fitted Plots of Cross Sectional Defect Percent Versus Cycles Required to Reach Each Stage of Fatigue Cracking for
Tested Weld Samples
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4.4

Strain Analysis Results
For every fractured weld sample, a plot of average strain range per testing cycle over the

entire test life, as shown in Figure 43, was created. In the entire testing period plots, the
extensometer data was excluded because it was unreliable and often showed shifts in strain ranges
over two times those of the other gages. The extensometer output was considered in the localized
strain range plots, like Figure 44, since it acted relatively consistent over a short window. Once
cracking was initiated, the strain gages stopped working because the cracks would separate the
gages from the sample. Additionally, the strain data of the samples with a few thousand or less
cycle values often could not be analyzed because their gages would stop working immediately
upon loading and only samples 17 and 19 could be evaluated.
For sample 17 and 19, the average strain range plots over all testing cycles showed a clear
increase in strain values at one gage location, even before cracking was detected. Figure 47 shows
the strain range plot over 300,000 loading cycles for weld sample 17 and 19. The three lines on
the plots represent the strain ranges calculated from the strain data collected at gages 1, 2 and, 3.
Gages 1 and 2 were in the weld region and gage 3 was on the base metal. The dotted black line
represents the instance where cracking was visually detected. The vertical axis is in units of strain
and the horizontal axis is in units of number of cycles. Cracking was detected on sample 17 at
291,000 cycles however, Figure 47 depicts a clear increase in measured strains at gage 1 at 275,000
cycles, with a steadily increasing strain until 300,000 cycles. Figure 47 also shows that strain
values increased at gage location 2 on sample 19 around 300,000 cycles when cracks were not
visually detected until 310,000 cycles (not plotted). As expected, gage 3 did not reflect any
significant changes for either sample over the testing life as this gage was attached to the base
metal, where no cracking was detected.
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N1

N1

Figure 47: Strain Ranges for Samples 17 and 19 Over 300,000 Testing Cycles Averaged Every Period.

To evaluate the strain gage measurements more locally, testing periods of 25,000 cycles
were analyzed for the strain gage data from samples 17 and 19. Plots were made of the calculated
strain ranges averaged every 1,000 cycles over those 25,000 cycle periods. The idea was to
determine when the strain data was able to pick up changes in the testing system and compare this
to when cracking was visually identified.
Figure 48 shows the localized strain range plots for sample 17 taken between 250,000 cycles
and 2750,000 cycles (top) and then between 275,000 and 300,000 cycles (bottom). This figure has
the same parameters of Figure 47, though the ranges for the axis’s are different and the
extensometer data is included. Cracking was visually identified at 291,000 cycles in the region of
strain gage 1. The strain measurements at this gage location were steadily increasing from 260,000
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N1

Figure 48: Strain Ranges for Sample 17 Over One Test Period Averaged Every 1000 Cycles.

cycles until cracking occurred. The other gages showed no indication of damage until just before
complete fracture occurred. Another noticeable phenomenon was the difference between the
expected strain range values at the three locations and their measured output. This indicated that
the weld defects caused eccentric loading conditions within the weld.
Figure 49 on the following page shows the average strain range plots for sample 19 taken
between 275,000 and 300,000 cycles (top) as well as between 300,000 and 320,000 cycles
(bottom). Again, the layout of this figure mimics that of the previous plot, Figure 48. Cracking
was visually detected at 310,000 cycles for sample 19 in the region of gage 2. The data presented
in the average strain range plot shows a change in strain behavior around 287,000 cycles. Also,
gage 1, on the opposite side of the crack, started to measure a decrease in strain values around
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N1

Figure 49: Strain Ranges for Sample 19 Over One Test Period Averaged Every 1000 Cycles

287,000 cycles which lasted until just before failure. Gage 3 was largely unaffected by the
cracking, until 314,000 cycles when it experienced a slight shift in measurements. Again, the
strains in the regions of gage 1 and 2 were much higher throughout the testing life than expected.
This points to the weld defects causing eccentric loading conditions.
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5. SUMMARY, CONCLUSIONS AND, FUTURE WORK
This chapter will discuss the overall summary of this work, the conclusions drawn and,
present a guide for future work to be conducted on the topics within. The implications of the results
presented in Chapter 4 will be addressed here. Future work will be discussed that may guide further
assessment of the relationship between weld quality and fatigue performance.
5.1

Summary
The goal of this study was to evaluate the fatigue performance of defective weld samples.

This was done by applying a cyclic force in a tension-tension mode to various defective and nondefective weld samples until failure. This experiment was based on previous research conducted
at the University of New Hampshire on the gusset-less truss connections of the Memorial Bridge.
The weld samples used in this experiment were based on the welds that were employed on the
Memorial Bridge.
A fatigue testing protocol and defect characterization method for the weld samples was
established. This protocol defined methods and processes required for each fatigue test to ensure
consistent results. The step by step process detailed a method for detecting three phases of fatigue
cracking during the cyclic testing. The defect characterization method defined an objective
procedure for quantifying the defective percent of a weld surface using photographs.
The fatigue performance of the weld samples was defined as the number of loading cycles
each weld sample experienced before failure. The performance was divided into three phases,
which loosely followed the three stages of fatigue crack propagation [22]. Comparisons for the
level of defect and each of the three failure modes were established.
An examination was conducted in this experiment to determine if strain gage measurements
could indicate when fatigue cracking would initiate. The strain data collected was used to calculate
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the average strain range at each gage location over the life of each test. These strain range histories
were evaluated for evidence of changing behavior prior to crack initiation.
5.2

Recommendations
A preliminary threshold value of 10% internal defect was found to correlate with loading

cycles until initial fatigue cracking. At this value, the weld samples are expected to exhibit fatigue
damage before the design fatigue life estimated from the fatigue detail category and S-N curves
provided by AASHTO. This means that any weld sample with greater than 10% of its welded cross
section defective and a fatigue detail category of B loaded at a stress range of 36.2 ksi would not
perform per the AASHTO fatigue guidelines. This threshold value of internal defect percent would
change based on the stress range experienced by a weld and the samples fatigue detail category.
Strain gages may not be a reliable device to use for in situ monitoring of cyclically loaded
elements to determine the presence of nonvisible fatigue cracks. Only strain gages located directly
on top or adjacent to the location of initial fatigue cracks measured changes in strain behavior prior
to the crack becoming visible. Strain gages may be used in a controlled laboratory setting when
their placement can be precise and located near a known crack initiation point.
5.3

Conclusions
•

An exponentially decaying relationship between internal defect level and load cycles until
initial cracking and fracture was found. The defects tested in this study were internal and
would not be detected by the visual inspection techniques used by most fabricators.
Modern welding practices produce high quality welds that are rarely defective. Mistakes
can be made which may have an impact on the fatigue performance of welded connections.

•

As expected, there was no correlation between surface level defects and internal defects
or surface defects and fatigue performance. This parameter had to be investigated because
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surface level visual inspection was the only required inspection technique for the welds
employed on the Memorial Bridge. The absence of a relationship for surface level defects
and fatigue performance or internal defect amounts hints at the possible inadequacy of
visual inspection practices.
5.4

Future Work
Limitations of the research narrowed the quantity of conclusions that were drawn from the

testing. The major limitation of this work was the number of samples that were tested. This was a
result of issues during sample fabrication. The major goals of this project were met with the limited
number of samples tested however, more samples will need to be used to further the research.
These limitations presented clear indications as how the research should be continued in future
fatigue testing and understanding of the relationship between fatigue performance and weld
quality.
•

Test more weld samples with a wider variety of defect levels to better characterize the
relationship between defect level and fatigue performance. This would allow for more
statistical analysis methods to be employed for relationship determination.

•

Implement strain-controlled weld testing in addition to the already defined forcecontrolled testing methods.

•

Assess the heterogenous material properties in and around the weld area to better
understand the influence of these properties on the fatigue performance of the defective
and intact weld samples. This may also lead to an explanation of the eccentric loading
conditions observed during the fatigue testing.

•

Investigate other types of instrumentation devices, such as DIC and accelerometers to
determine their viability for indicating initial fatigue cracking under cyclic loads.
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Appendix A: Equipment and Instrumentation Specifications

Figure 50: Welding Wire Used in Sample Fabrication [48].

Figure 51: MTT Grip Specification Sheet [49].

A1

A2

Figure 52: Extensometer Specification Sheet [50].

A3

Figure 53: Strain Gage Specification Sheet [51].
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A5

A6

A7

Figure 54: National Instruments® cDAQ Chassis Specification Sheet [52].

A8

A9

A10

A11

A12

A13

Figure 55: National Instruments® 9219 Data Card Specification Sheet [53].

A14

Appendix B: Supplemental Photographs

Figure 56: Photograph of the Gusset-less Fatigue Testing Laboratory Setup [2].

Figure 57: A Photograph of the Welding Machine Used During
Sample Fabrication Courtesy of Santini Brothers Iron Works.

B1

Figure 58: A Photograph of the Welder Welding a Plate During
Sample Fabrication Courtesy of Santini Brothers Iron Works.

Figure 59: A Photograph of One Plate Set After the First Weld Was Laid
Courtesy of Santini Brothers Iron Works.

B2

Figure 60: A Photograph of the Slag Left In-between Passes
on a Slag Inclusion Defective Sample Courtesy of Santini
Brothers Iron Works.

Figure 61: A Photograph of all Four Plate Sets Immediately After Fabrication Courtesy of Santini Brothers Iron
Works.
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Figure 62: An Example of a Porosity Defect in a Weld Sample After the Plates Were Cut.

Figure 63: An Example of a Slag Inclusion Defect in a Weld Sample After the Plates Were Cut.

Figure 64: An Example of a Non-Defective Weld Sample After the Plates Were Cut.
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Appendix C: MATLAB Codes

Figure 65: MATLAB® Script for Weld Defect Percent Calculation
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Figure 66: MATLAB® Script for Plotting Strain Ranges at Strain Gage Locations for a Specific Test Period.
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Figure 67: MATLAB® Script for Plotting Strain Ranges at Strain Gage Locations for the Entire Test Life.
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